Introduction {#s0005}
============

Peritendinous fibrosis is a common complication after tendon injury and is characterized by excessive extracellular matrix (ECM) accumulation due to disruption of the balance between ECM synthesis and degradation [@b0005], [@b0010]. This imbalance results in impaired tendon function and an increased risk of recurrence after surgical intervention. Fibroblasts undergo myofibroblastic transdifferentiation, which is regulated by a number of cytokines and growth factors including transforming growth factor (TGF), which is critical for fibrogenesis [@b0015], [@b0020]. Although previous studies have examined the molecular basis of peritendinous fibrosis, the factors that trigger this process have not been clearly elucidated.

Only a small percentage of the mammalian genome encodes proteins; most RNAs are non-coding and have a regulatory function. LncRNAs, which are longer than 200 bp, have been widely investigated in various physiological and pathological contexts by high-throughput RNA sequencing (RNA-seq) and bioinformatics analysis; however, their role in peritendinous fibrosis is not clear [@b0025], [@b0030], [@b0035].

To address this issue, in the present study, RNA-seq was performed to obtain the lncRNA and mRNA expression profiles of normal tendon and fibrotic peritendinous tissues; Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were then carried out to identify transcripts that were differentially expressed between the two sets of samples. Additionally, possible lncRNA-mRNA interactions associated with fibrogenesis and the mechanisms underlying the development of peritendinous fibrosis were examined.

Material and methods {#s0010}
====================

Tendon tissue samples {#s0015}
---------------------

Tendon tissue samples and personal data were obtained from patients who had undergone surgery at our hospital. In the peritendinous fibrosis group, early-stage fibrotic peritendinous tissue samples were obtained from patients who underwent tendon repair surgery 2--3 weeks after initial tendon injury. All patients exhibited peritendinous adhesion. In the control group, tendon tissue samples were harvested from patients undergoing forearm amputation in the emergency operating room. All tendon tissues were harvested intraoperatively and were immediately stored in liquid nitrogen until use. Peritendinous fibrosis and paired normal tendon samples (n = 3 each) were used for global lncRNA and mRNA profiling and for the confirmation of peritendinous fibrosis based on collagen (COL)1 and α-smooth muscle actin (α-SMA) expression levels. *Experiments were approved by the Ethics Committee of the Shanghai Sixth People's Hospital East Campus (approval no. 2017--021), and written-informed consent was obtained from all participants*.

Cell culture and treatments {#s0020}
---------------------------

Primary tenocytes were isolated from mouse Achilles tendon tissues. Briefly, tendon tissues were cut into 1 mm^3^ pieces and digested with 0.15% collagenase NB4 (SERVA, Germany) for 2 h. Subsequently, the suspension was filtered through cell meshes and centrifugated at 1000 rpm for 5 min. Cell pellets were resuspended in the culture medium (Dulbecco's modified Eagle medium supplemented with 10% fetal bovine serum and 1% penicillin-streptomycin) at 37 °C with 5% CO~2~. Tenocytes were treated with 2 ng/ml TGF-β1 (R&D systems, Minneapolis, MN, United States). Then, siRNA transfection was performed using Lipofectamine 2000, according to the manufacturer's procedures.

RNA isolation, library construction, and sequencing analysis {#s0025}
------------------------------------------------------------

Total RNA was extracted from tendon tissues using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions. rRNAs were removed from total RNA using the Ribo-Zero rRNA Removal kit (Illumina, San Diego, CA, USA) according to the manufacturer's instructions. RNA purity was evaluated with a NanoDrop ND-2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and RNA integrity was assessed by denaturing agarose gel electrophoresis. RNA libraries were constructed using rRNA-depleted RNAs with the TruSeq Stranded Total RNA Library Prep kit (Illumina, San Diego, CA, USA) according to the manufacturer's instructions. Library quality was assessed and quantitation was performed with a BioAnalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA); 10 pM RNA libraries were denatured as single-stranded DNA molecules, captured on Illumina flow cells, amplified *in situ* as clusters, and sequenced for 150 cycles on an Illumina HiSeq 4000 sequencer.

High-throughput lncRNA sequencing and bioinformatics analyses were performed by Cloud-Seq Biotech (Shanghai, China). Briefly, paired-end reads were harvested from the sequencer, and quality controlled was performed based on Q30. After 3′ adaptor trimming and the removal of low-quality reads with Cutadapt software (v1.9.3), high-quality trimmed reads were aligned to the human reference genome (University of California at Santa Cruz hg19). Using the Ensembl gtf gene annotation file with hisat2 software (v2.0.4), Cuffdiff software (v2.2.1, part of cufflinks) was used to obtain gene level fragments per kilobase of exon per million (FPKM) reads as lncRNA and mRNA expression profiles; fold change and *P* values were calculated based on the FPKM data. LncRNAs and mRNAs with a fold change ≥1.5 and *P* \< 0.05 were deemed as differentially expressed.

GO and KEGG pathway analyses {#s0030}
----------------------------

GO and KEGG pathway enrichment analyses were performed based on the information on differentially expressed mRNAs [@b0030], [@b0040]. GO analysis provides a controlled vocabulary for describing gene and gene product attributes in any organism (<http://www.geneontology.org>). GO covers three domains: biological process, cellular component, and molecular function. The Fisher's exact test was used to determine whether the overlap between the gene and GO annotation lists was larger than expected by chance. The KEGG database was used for pathway analysis. *P* \< 0.05 was considered to indicate the significant enrichment of differentially expressed genes.

Quantitative real-time polymerase chain reaction (qRT-PCR) verification {#s0035}
-----------------------------------------------------------------------

One microgram of total RNA was converted into cDNA using the PrimeScript RT Reagent kit (Takara Bio, Otsu, Japan) according to the manufacturer's instructions. qRT-PCR was performed using the SYBR Green Real-time PCR kit (Takara Bio). Primer sequences were designed using Primer 5.0 software (Premier Biosoft, Palo Alto, CA, USA). The lncRNA and mRNA expression data were normalized to the β-actin expression level. Relative gene expression levels were calculated with the 2^−ΔΔCt^ method. The experiment was repeated three times.

LncRNA-mRNA Co-expression network analysis {#s0040}
------------------------------------------

Co-expression networks were constructed to evaluate correlations among the expressed genes. To determine the relationships between dysregulated lncRNAs and mRNAs, the Pearson's correlation coefficient (PCC) between coding and non-coding genes was calculated, and those with PCC ≥ 0.990 were selected. The co-expression network of lncRNA-mRNA interactions was visualized using Cytoscape software (<http://www.cytoscape.org/>).

Cell viability analysis {#s0045}
-----------------------

Cell viability was assessed by cell counting kit (CCK)8 (Dojindo, Japan). Tenocytes were cultured at a density of 3 × 10^3^ cells per well and treated for 48 h. Cell viability was assessed by incubating each well with 100 μL of CCK8 solution for 2 h at 37 °C and measuring the absorbance at 450 nm.

Statistical analysis {#s0050}
--------------------

Data were analyzed using SPSS 21.0 software (SPSS Inc., Chicago, IL, USA). Differences between groups were evaluated with a two-tailed Student's *t*-test. Statistical analyses were performed with a significance level of α = 0.05 (*P* \< 0.05).

Results {#s0055}
=======

Identification of LncRNAs in human tendon tissues {#s0060}
-------------------------------------------------

Before RNA-seq, COL1 and α-SMA expression levels were evaluated to confirm the occurrence of fibrogenesis in early-stage adhesive tissues. Western blot analysis showed that COL1 and α-SMA protein expression was higher in early-stage fibrotic peritendinous tissues than in normal control tendon tissues ([Fig. 1](#f0005){ref-type="fig"}A, B).Fig. 1**Evaluation of fibrogenesis in tendon and fibrotic peritendinous tissues.** (A) COL1 and α-SMA protein expression was evaluated by western blotting. (B) Quantification of COL1 and α-SMA protein levels. GAPDH was used for normalization. The tissue samples were from three healthy and three diseased individuals.

Transcriptomic analyses were carried out to assess differences in RNA expression between the peritendinous fibrosis and control groups. The OD260/280 ratio revealed that each sample was of satisfactory quality. RNA-seq of six cDNA libraries yielded over 50 million raw reads with most being clean reads ([Table 1](#t0005){ref-type="table"}). Over 79.78% of clean reads mapped perfectly to the reference human genome. The RNA-seq identified 20,646 lncRNAs, including 8973 (43%) intergenic, 4045 (20%) exon sense-overlapping, 1454 (7%) bidirectional, 2200 (11%) natural antisense, 1423 (7%) intron sense-overlapping, and 2551 (12%) intronic antisense lncRNAs ([Fig. 2](#f0010){ref-type="fig"}A). The average lncRNA length was 1526 bp with 75.4% being shorter than 2000 bp ([Fig. 2](#f0010){ref-type="fig"}B). All lncRNAs were widely distributed among human chromosomes 1--22, X, and Y, with chromosome 1 accounting for the largest number of lncRNAs (2066, 10%) ([Fig. 2](#f0010){ref-type="fig"}C). The sequencing data have been uploaded to the NCBI Gene Expression Omnibus database (accession no. GSE108933).Table 1Summary of draft reads of six libraries by RNA-sequencing.SampleRaw readsClean readsAligned readsAlignment ratescon-169,740,26669,574,12858,037,65983.42%con-266,559,71666,440,20254,643,97982.25%con-371,711,87871,324,25656,905,04579.78%PF-169,106,12468,325,72460,157,32588.04%PF-276,096,03675,971,68271,638,73694.30%PF-367,799,10067,647,95656,563,27883.61%Fig. 2**Features of lncRNAs detected by RNA-seq.** (A) Classification of lncRNAs according to localization. (B) Length distribution of lncRNAs. (C) Chromosome distribution of lncRNAs identified in tendon tissues.

Differentially expressed LncRNAs and mRNAs during peritendinous fibrosis progression {#s0065}
------------------------------------------------------------------------------------

To identify lncRNAs involved in the development of peritendinous fibrosis, RNA-seq was performed to reveal lncRNAs differentially expressed between three pairs of normal tendon and fibrotic peritendinous tissue samples. A total of 219 differentially expressed lncRNAs were identified, including 98 that were upregulated and 121 that were downregulated in fibrotic peritendinous tissues. Among the dysregulated lncRNAs, 18 were bidirectional, 27 were exon sense-overlapping, 164 were intergenic, one was intron sense-overlapping, four were intronic antisense, and five were natural antisense. Of these, 30 and 40 lncRNAs were exclusively expressed in normal tendon and fibrotic peritendinous tissues, respectively. ENST00000362807 was the most highly upregulated (fold change = 56), and ENST00000429829 was the most downregulated (fold change = 102) lncRNA in the peritendinous fibrosis group relative to the level in the control group. In addition, mRNA expression profiles were obtained by RNA-seq. Comparisons of mRNA levels between the two groups revealed 3403 differentially expressed mRNAs, of which 1704 and 1699 were up- and downregulated, respectively, in the fibrotic peritendinous tissues. Several markers of fibrogenesis including *COL1A1*, *COL3A1*, *COL5A1*, and *ACTA2*, were upregulated in the fibrotic peritendinous compared to the control tissues. Hierarchical clustering and a heatmap of lncRNAs and mRNAs showed that the three fibrotic peritendinous tissue samples clustered separately from the normal tendon tissue samples ([Fig. 3](#f0015){ref-type="fig"}A, B). These results suggest that the lncRNA and mRNA expression levels in fibrotic peritendinous tissues differ from those in matched normal tendon tissues.Fig. 3**Heat map of differentially expressed lncRNAs and mRNAs in fibrotic peritendinous tissues compared to normal tendon tissues**. Each row represents one tissue sample, and each column represents one lncRNA (A) or mRNA (B). Relative lncRNA or mRNA expression is depicted according to the color scale. Red color indicates upregulation; green indicates downregulation; −2, 0, 1, and 2 represent fold changes in the corresponding spectrum.

Validation of gene expression profiles using qRT-PCR {#s0070}
----------------------------------------------------

The accuracy and reproducibility of the differentially expressed lncRNAs and mRNAs identified by RNA-seq were validated by qRT-PCR. Five and eight differentially expressed mRNAs and lncRNAs were selected for verification, respectively. qRT-PCR data confirmed the RNA-seq results, although the fold change values differed slightly ([Fig. 4](#f0020){ref-type="fig"}, [Fig. 5](#f0025){ref-type="fig"}). These differentially expressed lncRNAs may be involved in the progression of peritendinous fibrosis.Fig. 4**qRT-PCR validation of differentially expressed lncRNAs.** (A) qRT-PCR verification of the expression profiles of 4 upregulated lncRNAs in fibrotic peritendinous tissues. (B) qRT-PCR verification of the expression profiles of 4 downregulated lncRNAs in fibrotic peritendinous tissues. (C) Fold changes of 4 upregulated lncRNAs in fibrotic peritendinous tissues identified by RNA-seq. (D) Fold changes of 4 downregulated lncRNAs in fibrotic peritendinous tissues identified by RNA-seq.Fig. 5**qRT-PCR validation of differentially expressed mRNAs.** (A) qRT-PCR verification of the expression profiles of 5 dysregulated mRNAs in fibrotic peritendinous tissues. (B) Fold changes of 5 dysregulated mRNAs in fibrotic peritendinous tissues identified by RNA-seq.

GO and KEGG pathway analyses {#s0075}
----------------------------

GO enrichment analysis was performed to examine the functions of the differentially expressed mRNAs identified by RNA-seq. GO analysis revealed that the upregulated mRNAs were mostly enriched in biological processes related to cellular component disassembly, translational termination, signal recognition particle (SRP)-dependent cotranslational protein targeting the membrane, cotranslational protein targeting the membrane, and protein targeting the endoplasmic reticulum (ER) ([Fig. 6](#f0030){ref-type="fig"}A). On the other hand, the downregulated mRNAs were enriched in cellular responses to chemical stimulus, responses to organic substance, responses to stimulus, multicellular organismal development, single-organism developmental processes, and positive regulation of biological processes ([Fig. 6](#f0030){ref-type="fig"}B). A KEGG analysis of differentially expressed mRNAs revealed that the upregulated mRNAs were associated with 35 pathways and that the downregulated mRNAs were associated with 66 pathways. Antigen processing and presentation, ECM-receptor interactions, the cell cycle, tumor necrosis factor signaling pathway, and cytokine-cytokine receptor interaction were among the most enriched dysregulated pathways, suggesting that they are important for the progression of peritendinous fibrosis ([Fig. 7](#f0035){ref-type="fig"}A, B).Fig. 6**GO analysis of differentially expressed genes.** GO analysis of upregulated (A) and downregulated (B) mRNAs in fibrotic peritendinous tissues.Fig. 7**KEGG pathway analysis of differentially expressed genes.** KEGG pathway analysis of upregulated (A) and downregulated (B) mRNAs in fibrotic peritendinous tissues.

Co-expression of LncRNAs and mRNAs {#s0080}
----------------------------------

Currently, the potential functions of lncRNAs can be inferred from lncRNA-mRNA co-expression networks. Eight differentially expressed lncRNAs were selected for inclusion in the co-expression network (PCC ≥ 0.990). The lncRNA-mRNA interaction network comprised 154 nodes, including eight lncRNAs (NR_038397, ENST00000518014, ENST00000414002, ENST00000429829, ENST00000602507, ENST00000602461, ENST00000513626, and ENST00000602964) and 146 mRNAs ([Fig. 8](#f0040){ref-type="fig"}). These nodes formed 181 network pairs, including 116 positive and 65 negative correlations. The network shows that a single lncRNA may be correlated with several mRNAs and vice versa. Thus, interactions between lncRNAs and mRNAs likely mediate the development of peritendinous fibrosis.Fig. 8**LncRNA-mRNA co-expression network for eight dysregulated lncRNAs.** The network was constructed based on Pearson correlation coefficients (absolute value of PCC ≥ 0.990). Upregulated mRNAs are shown as red circles, downregulated mRNAs are shown as blue circles, upregulated lncRNAs are shown as red triangles, and downregulated lncRNAs are shown as blue triangles.

Silencing of Dnm3os prevents profibrotic changes in primary tenocytes {#s0085}
---------------------------------------------------------------------

Excessive cell proliferation and ECM deposition are two important features of peritendinous fibrosis. After TGF-β1 treatment for 24 h, the expression level of dnm3os was significantly increased ([Fig. 9](#f0045){ref-type="fig"}A). TGF-β1 also increased tenocyte viability ([Fig. 9](#f0045){ref-type="fig"}B). However, cell viability was significantly suppressed in tenocytes transfected with dnm3os siRNA, compared with those transfected with scrambled siRNA. Moreover, TGF-β1 treatment also upregulated the expression levels of genes related to fibrogenesis, including col1, col3, α-SMA, and fibronectin 1. The expression levels of these fibrotic genes were decreased in tenocytes transfected with dnm3os siRNA, compared to those transfected with scrambled siRNA ([Fig. 9](#f0045){ref-type="fig"}C--F).Fig. 9**Silencing of dnm3os prevents TGF-β1 induced fibrotic changes.** (A) Dnm3os expression was increased in tenocytes treated with TGF-β1. (B) Cell viability after tenocytes were transfected with scrambled siRNA or dnm3os siRNA. Expression levels of col1a1 (C), col3a1 (D), α-SMA (E), and fibronectin 1 (F) after different treatments.

Discussion {#s0090}
==========

Using RNA high-throughput sequencing techniques, recent studies have identified a number of lncRNAs that are differentially expressed in fibrotic diseases, providing a new direction for exploring the pathogenesis of fibrosis. However, the precise contribution of lncRNAs to peritendinous fibrosis is unknown. The lncRNA and mRNA expression profiles of normal and fibrotic peritendinous tissues were explored, for the first time, in this study to address this issue.

Using Illumina high-throughput sequencing, a total of 219 lncRNAs and 3403 mRNAs were identified that were differentially expressed between the two sample sets. These results were validated by qRT-PCR. Moreover, some of the dysregulated lncRNAs have been reported to be differentially expressed in other diseases [@b0045], [@b0050]. COL1A1, COL3A1, and COL5A1, which are important components of the ECM, were upregulated, while other genes involved in fibrotic diseases, such as periostin (POSTN), a disintegrin and metalloprotease (ADAM)12, and ACTA2 were also dysregulated. ACTA2 is a marker of myofibroblasts, which are activated during fibrogenesis [@b0055], [@b0060], [@b0065]. POSTN is a matricellular protein that binds to ECM components including collagen I and fibronectin and participates in collagen fibrillogenesis [@b0070]. In a bleomycin-induced pulmonary injury model, fibrocyte-derived POSTN strongly stimulated TGFβ1 production and fibrocyte-myofibroblast differentiation [@b0075]. The ADAM12 level was found to be correlated with the initiation and progression of tissue fibrosis [@b0080], [@b0085]. In ADAM12 transgenic mdx mice, skeletal muscle loss, fibrogenesis, and adipogenesis were significantly accelerated [@b0090]. On the other hand, most of the differentially expressed lncRNAs and mRNAs in fibrotic peritendinous tissues are reported here for the first time.

The GO analysis showed that dysregulated genes were enriched in cellular component disassembly, translational termination, SRP-dependent cotranslational protein targeting the membrane, cotranslational protein targeting the membrane, and protein targeting the ER, suggesting that the tendon mounts an adaptive response to injury. Moreover, it was also noted that the molecular functions of dysregulated genes were associated with ECM structural constituents, collagen binding, and growth factor binding, i.e., the processes associated with ECM production and remodeling. The KEGG pathway analysis of dysregulated mRNAs revealed that dysregulated immune regulation, inflammation, ECM interactions, and the cell cycle are involved in fibrogenesis after tendon injury. Nuclear factor (NF)-κB is activated downstream of inflammatory cytokine receptors. Chen showed that NF-κB signaling was activated in fibrotic peritendinous tissues, whereas P65 inhibition prevented adhesion formation in rats [@b0095]. Existing evidence has revealed that lncRNAs are also involved in NF-κB signaling regulation. A previous study showed that the lncRNA PACER sequestered the inhibitory subunit of NF-κB (p50), enhanced the formation of p65/p50 activating dimers, and promoted the synthesis of COX2 [@b0100]. Another lncRNA, HOXD-AS1, has been reported to upregulate JAK/STAT target genes, including COX-1 and caspase-1 [@b0105]. In recent years, aberrant arrest of the cell cycle has been shown to be critical in fibrogenesis; additionally, excessive cell proliferation and increased G2/M arrest have been observed in peritendinous fibrosis [@b0110]. Furthermore, Li showed that Atg5 interference promoted G2/M phase arrest in proximal tubular epithelial cells and exacerbated subsequent renal fibrosis [@b0115].

The major function of lncRNAs is the regulation of mRNA expression. However, the interactions between lncRNAs and mRNAs in peritendinous fibrosis have not been previously reported. To explore the potential role of lncRNAs in this process, a co-expression network between the selected lncRNAs and dysregulated mRNAs was further established. NR_038397, also known as DNM3 opposite strand/antisense RNA (DNM3OS), was among the most highly upregulated lncRNAs (6.5-fold change). NR_038397 has also been shown to be overexpressed in the cardiac tissue of heart failure patients. In contrast. Dnm3os-deficient mice showed restored peroxisome proliferator-activated receptor-δ signaling, improved cardiac contractility, and reduced interstitial fibrosis [@b0045]. In recent years, epithelial-to-mesenchymal transition (EMT) has been proposed as an important mechanism in various fibrotic diseases [@b0120], [@b0125]. Moreover, NR_038397 overexpression strongly enhanced EMT in ovarian cancer [@b0130]. The co-expression network showed that NR_038397 expression was strongly correlated with that of prolyl endopeptidase (*PREP)* and protein kinase C, delta binding protein (*PRKCDBP)*. PREP is a serine peptidase that can cleave short peptides (\<30 amino acids) at the C-side of a proline residue. Existing evidence has shown that *PREP* mediates the formation of proline-glycine-proline, an important neutrophil chemoattractant, resulting in chronic neutrophilic inflammation in cystic fibrosis [@b0135]. Previous studies have shown that the activation of extracellular signal-regulated kinase (ERK) signaling, a non-canonical form of TGF signaling, promotes fibrogenesis after tendon injury [@b0105], [@b0140]. Meanwhile, the activation of PRKCDBP, localized in caveolae, activates ERK signaling and suppressed Akt signaling. [@b0145]. In the present study, when dnm3os was silenced, cell viability and fibrotic gene expression were suppressed, suggesting that dnm3os plays a role in cell proliferation and ECM production. The co-expression network showed that the expression of minichromosome maintenance-2 (*MCM2)* was positively correlated with that of ENST00000518014. *MCM2* is a highly conserved MCM that is involved in the initiation and elongation of DNA replication during the cell cycle. A previous study showed that the *MCM2* expression level was positively associated with fibrosis progression in post-transplantation HCV hepatitis, suggesting that *MCM2* can predict early cirrhosis [@b0150]. Moreover, the phosphorylation of the amino-terminal serines of *MCM2* facilitated chromatin loading and promoted cell-cycle re-entry from quiescence [@b0155].

There were several limitations to this study. First, although RNA-seq revealed many differentially expressed lncRNAs between normal tendon and fibrotic peritendinous tissues, these lncRNAs require validation in a larger sample. Second although the functions of differentially expressed lncRNAs were predicted through co-expression analyses in this study, the precise mechanisms were not clarified. Additional studies are required to elucidate the various roles of lncRNAs in peritendinous fibrosis.

Conclusions {#s0095}
===========

In conclusion, the results of the present study reveal a number of dysregulated lncRNAs that are potentially associated with the development and progression of fibrogenesis. These findings provide valuable insight into novel therapeutic strategies for the prevention and treatment of peritendinous fibrosis.
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